γ-CuCl microcrystals were found to segregate in self-assembled (C n H 2n+1 NH 3 ) 2 CuCl 4 hybrid organic-inorganic films deposited by single source thermal ablation. The microcrystals dispersed in the hybrid have sizes of 35 nm, as estimated from X-ray diffraction patterns. The UV photoluminescence efficiency of the embedded microcrystals is more than 100 times higher than that of CuCl films having similar crystallite sizes.
CuCl in its γ-cubic phase is a direct wide-bandgap semiconductor, which has been extensively investigated as optoelectronic material [1] and ideal system for the study of exciton confinement [2] . CuCl microcrystals have been obtained at dilutions lower than 0.1 mol. % by ion-implantation or by precipitation, dispersed in glass [3] or alkaline chloride [4] matrices. Microcrystalline films resulting from thermal annealing of amorphous precursors have also been described [5] .
(C n H 2n+1 NH 3 ) 2 MX 4 layered organic-inorganic hybrid perovskite (with M = metal, X = halide) compounds are well known owing to their unique electronic properties [6, 7] and are presently attracting much attention for electronic and optoelectronic applications, also due to their organic-like film processability [8] [9] [10] .
In this communication we show that high quality, γ-phase CuCl microcrystals form during the single source thermal ablation (SSTA) of (C n H 2n+1 NH 3 ) 2 CuCl 4 hybrid perovskites. Embedding CuCl microcrystals in the hybrid matrix enhances their photoluminescence efficiency by more than two orders of u Fax: +39 521269206, E-mail: chiarella@prmasp.imem.cnr.it magnitude, independently of the alkyl chain length. This makes the hybrid-CuCl composites potentially interesting for optoelectronic applications, thanks to the relatively simple and cheap preparation as well as to the compatibility with flexible and organic electronicoptoelectronic technologies.
The results we present and discuss in the following refer to (C 2 H 5 NH 3 ) 2 CuCl 4 thermally ablated (AbH) and spin-coated (SCH) hybrid films, and to ablated microcrystalline CuCl film (AbCC). Details on the SSTA apparatus and procedure are reported in [11] . SCH films were obtained by spin-coating alcoholic solutions of (C 2 H 5 NH 3 ) 2 CuCl 4 in nitrogen atmosphere at room temperature. The process yields CuCl-free hybrid films. The films, were taken in inert atmosphere and checked by X-ray diffraction (RX) on a D500 Siemens apparatus, with Cu K α radiation. Optical absorption (OA) spectra were measured in a Jasco V-530 spectrophotometer. Photoluminescence (PL) emission was induced by exciting with a 325 nm HeCd laser radiation. Figure 1 shows typical RX patterns of AbH, SCH and AbCC deposited on glass substrates. All the peaks of SCH pattern belong to the 00 oriented "Pcab" orthorhombic cell, ("c" parameter = 21.30 ± 0.05 Å) typical of the hybrid structure [12] . The quite sharp reflections and elevated values of " " index prove that the hybrid phase is well crystallized, with a dominant caxis grain orientation. The AbH pattern is similar to the SCH one except for the reflection at 28.5 • , which is present in AbH, but is not in SCH. The same reflection appears in the AbCC pattern and corresponds to the (111) reflection of the γ-cubic CuCl. From the full width at half maximum of this peak fitted by Lorentzian function (see inset of Fig. 1 ), we estimated the CuCl crystal sizes in AbCC and AbH, by applying the Sherrer formula. In both cases we reproducibly obtained a value of about 35 nm.
The OA and PL spectra, taken on quartz deposited films, are shown in Figs. 2 and 3. The OA AbH spectrum at room temperature (Fig. 2) is characterized by the overlapping of three peaks, we localized at about 371, 380, and 392 nm, respectively, by a gaussian fitting. Differently, a unique broad band centered at 392 nm is present in the SCH spectrum, while two peaks located at 371 and 380 nm are distinguishable in the AbCC spectrum. These two peaks typically occur in large CuCl crystallites and are ascribed to the Z 12 and Z 3 excitons, respectively [13] . The wavelength position of Z 12 and Z 3 peaks we observed does not change with respect to the bulk CuCl, as expected in weak confinement regime where microcrystal sizes largely exceed the exciton Bohr radius (a B ∼ 7 Å) and size quantization does not occur [2]. FIGURE 1 XRD patterns of AbH, SCH and AbCC films. The enlargements of the CuCl(111) reflections used to estimate the crystal sizes (see text), are shown in the inset FIGURE 2 Room temperature optical absorption spectra of AbH ( ), AbCC ( ) and SCH ( ) films. Measured thickness is 300, 150 and 400 nm, respectively. In the inset, the measured spectrum ( ) is compared with the calculated one considering 32% CuCl and 68% SCH (dashed line) FIGURE 3 PL spectra of AbH ( ), AbCC ( ) and SCH ( ) films at 20 K. The AbCC spectrum has been enlarged 10 times. The inset shows the full scale SCH spectrum Consistently with the RX data, the AbH absorption spectrum may be described as the superposition of the SCH and AbCC spectra. We semi-quantitatively estimated the CuCl volume fraction, χ, in AbH by assuming that the microcrystals are homogeneously dispersed so that the absorbance at any wavelength can be written, accordingly to the Lambert-Beer law, as:
where A represents the measured absorbance and t the film thickness determined by a standard profilometer. A reasonably good match was obtained (see inset of Fig. 2) between the meas-ured AbH spectrum and the calculated one by assuming χ = 0.32. This achievement can be explained by considering that under the ablation conditions (T ≈ 400 • C, p ≈ 10 −6 mbar) CuCl 2 decomposes accordingly to the 2CuCl 2 → 2CuCl + Cl 2 reaction and 100% transforms into CuCl (AbCC case). When the organic component is present (AbH case), CuCl 2 enters the perovskite structure and only partially transforms into CuCl. The description above is consistent with the PL data.
The spectra taken at 20 K are shown in Fig. 3 , as an example. SCH luminescence is weak with a broad featureless band centered at 420 nm (inset of Fig. 3) . A similar broad PL band was observed in (C 4 H 9 NH 3 ) 2 CuCl 4 film [14] and ascribed to Cu (3d) orbital elec-tronic transitions within inorganic perovskite layers. In contrast, AbH spectra exhibit an intense and sharp peak at 386 nm with a smaller peak at about 389 nm. Similar features occur in the PL spectra of AbCC. Such peaks are often observed in CuCl and attributed respectively to the Z 3 free exciton and I 1 exciton bound to a neutral acceptor, possibly a Cu vacancy [15] . Also in this case the wavelength position of Z 3 peak, is coincident with that of bulk CuCl [16] , thus confirming the absence of quantum confinement effects on the exciton ground state. Accordingly to the RX and OA data, we ascribe the AbH PL feature to the presence of CuCl in the hybrid matrix.
The most striking feature of the PL results is that the luminescence efficiency of CuCl microcrystals is much larger in AbH than in AbCC. As far as the films described in Fig. 3 are concerned, AbH is indeed about two times thicker than AbCC, but it contains only 32% CuCl, thus resulting in a Z 3 PL yield about 120 times larger in AbH than in AbCC. Similarly, the I 1 PL efficiency is increased by a factor of about 75.
Such findings can be understood by considering that, at the low laser intensities we use, photoexcited excitons can (i) recombine radiatively, (ii) be loosely bound by the neutral acceptors, or (iii) non-radiatively decompose via defect states. The (i) and (ii) processes give rise to the observed Z 3 and I 1 emission, respectively, whilst the third one is expected to decrease the PL yield by lowering both the Z 3 and I 1 radiative recombination efficiencies [17] . It is tempting to assume that PL yield in AbH is larger than in AbCC because of a reduced content of active trapping centers in the CuCl microcrystals. Indeed, even if both samples have been ablated under identical conditions, we cannot rule out that the non radiative recombination centers in AbH are affected by the presence of traces of organic components. On the other hand, excitons bound to nitrogen shallow neutral donors are expected to give a PL peak at 392 nm [18], but such a peak is not detectable in AbH samples. As for hydrogen, it is known to electrically passivate active defects in several semiconductors [19] , but no information are available about hydrogen passivation
